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Glomerulus-Specific Synchronization
of Mitral Cells in the Olfactory Bulb
circuit interactions could enhance or disrupt an odor-
induced spatial map depending on the pattern of activity
within subpopulations of mitral cells.
Nathan E. Schoppa1 and Gary L. Westbrook
Vollum Institute
Oregon Health Sciences University
Portland, Oregon 97201 Local circuits can confer a time-dependent compo-
nent to the odorant response. For example, odor elicits
rapid 20–40 Hz oscillations within the insect antennal
lobe, the homolog of the mammalian olfactory bulbSummary
(Laurent and Davidowitz, 1994; Wehr and Laurent, 1996).
These rapid oscillations are mediated by GABAergicOdor elicits a well-organized pattern of glomerular
activation in the olfactory bulb. However, the mecha- inhibitory circuits (Stopfer et al., 1997). Mitral cells in the
zebrafish olfactory bulb display slow time-dependentnisms by which this spatial map is transformed into an
odor code remain unclear. We examined this question tuning to different odors, presumably mediated by the
bulb circuitry (Friedrich and Laurent, 2001). The mamma-in rat olfactory bulb slices in recordings from output
mitral cells. Electrical stimulation of incoming afferents lian bulb shows both fast and slow patterning in re-
sponse to odor (Adrian, 1950; Macrides and Chorover,elicited slow (2 Hz) oscillations that originated in
glomeruli and were highly synchronized for mitral cells 1972; Chaput and Holley, 1980, 1985; Onoda and Mori,
1980; Meredith, 1986; Buonviso et al., 1992; Sobel andprojecting to the same glomerulus. Cyclical depolar-
izations were generated by glutamate activation of Tank, 1993; Kay and Laurent, 1999; Rubin and Katz,
1999; Margrie et al., 2001). The slow patterning in partdendritic autoreceptors, while the slow frequency was
determined primarily by the duration of regenerative reflects changes in sensory input driven by the respira-
tory cycle, yet could also be due to circuit interactionsglutamate release. Patterned stimuli elicited stimulus-
entrained oscillations that amplified weak and variable within the bulb. For example, autoexcitation at mitral
cell dendrites as well as GABAergic inhibition from localinputs. We suggest that these oscillations maintain
the fidelity of the spatial map by ensuring that all mitral interneurons last for hundreds of milliseconds (Mori and
Takagi, 1978; Nowycky et al., 1981; Isaacson and Strow-cells within a glomerulus-specific network respond to
odor as a functional unit. bridge, 1998; Schoppa et al., 1998; Carlson et al., 2000).
We report here that electrical stimulation of afferents
evoked slow (2 Hz) oscillations in mitral cells of ratIntroduction
olfactory bulb slices. The oscillations, which were syn-
chronized between mitral cells projecting to the sameSensory input into the main olfactory bulb is character-
ized by its highly ordered topography. Axons of olfactory glomerulus, were driven by a persistent depolarization
in the mitral cell, which in turn generated repeated cyclesreceptor neurons (ORNs) expressing a given odorant
receptor converge onto one or a few glomeruli within of glutamate autoreceptor-driven depolarization and
GABAA receptor-mediated inhibition from bulb inter-the olfactory bulb (Ressler et al., 1994; Vassar et al.,
1994; Mombaerts et al., 1996), while an odorant elicits neurons. Their slow frequency was primarily due to long-
lasting, regenerative glutamate release within the glome-a specific map of glomerular activation reflecting its
binding to several different receptors (Mori et al., 1999; rulus. The resulting local spillover of glutamate between
mitral cell primary dendrites provides a means to driveRubin and Katz, 1999). Whether this spatial map contrib-
utes to odor discrimination, however, remains unclear. glomerulus-specific synchronization. The slow oscilla-
tions could be entrained by patterned stimuli that mimicOne critical question is whether the map is transmitted
beyond the glomerular layer of the bulb via the bulb’s the cyclical delivery of odorant stimulus that occurs in
vivo with each respiration. Under these conditions, themain excitatory output neurons, the mitral cells. Be-
cause their primary dendrites generally project to single oscillations dramatically amplified sensory-driven EPSPs,
with amplification being strongest for cells receiving theglomeruli (Buonviso et al., 1991), mitral cells are topo-
graphically organized within the bulb as an array of glo- weakest input. Our results suggest that sensory-tuned
oscillations facilitate the transfer of the spatial odorantmerulus-specific subpopulations. However, they also
engage in local circuit interactions through dendroden- map to the olfactory cortex by ensuring a large, uniform
depolarization in all mitral cells within a glomerulus-dritic synaptic contacts with inhibitory interneurons
(Shepherd and Greer, 1990). Local interactions occur in specific network.
two discrete layers: between mitral cell primary den-
drites and periglomerular (PG) cells in glomeruli, as well Results
as between mitral cell secondary dendrites and granule
cells in the external plexiform layer. Mitral cells also Slow, Synchronized Oscillations in Mitral Cells
display autoexcitatory responses to glutamate released Stimulation of olfactory nerve (ON) fibers with a bipolar
from their own dendrites (Nicoll and Jahr, 1982; Aronia- electrode evoked responses in mitral cells that de-
dou-Anderjaska et al., 1999; Isaacson, 1999; Friedman pended on the strength of the stimulus (Figures 1A and
and Strowbridge, 2000; Salin et al., 2001). These local 1B). Stimulation at a moderate intensity (e.g., 100 s,
3.5V in Figure 1B) typically elicited a depolarization with
only a single peak, whereas slightly higher intensity stim-1 Correspondence: schoppan@ohsu.edu
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Figure 1. ON Stimulation Elicits Slow, Syn-
chronized Oscillations in Mitral Cells
(A) Simplified scheme of the olfactory bulb.
Olfactory receptor neuron (ORN) terminals
enter glomeruli (GLOM) where they contact
mitral cell (M) primary dendrites and peri-
glomerular cell (PG) dendrites. Mitral cell pri-
mary dendrites also contact PG cell den-
drites, while secondary dendrites contact
granule cell (G) dendrites in the external plexi-
form layer (EPL). Many M-to-PG and most
M-to-G dendrodendritic synapses (expanded)
are reciprocal contacts, with GABA release
sites in the interneuron being adjacent to the
site of their postsynaptic glutamate recep-
tors. Glutamate released from mitral cell den-
drites can also act on glutamate autorecep-
tors at both types of contacts.
(B) Olfactory nerve (ON) stimulation at a mod-
erate intensity (3.5V, 100 s) elicited a depo-
larization with a single peak, but higher inten-
sity stimulation (5V) elicited slow oscillatory
responses. The plot on the right shows the
steep relationship between stimulus intensity
and the probability of eliciting oscillations
(Posc) for this experiment. A high-frequency
stimulus train (3.5V, ten pulses over 200 ms)
increased Posc. The evoked action potential
(response to 20V) has been truncated. The
mitral cell in this experiment was held at its
resting potential (60mV).
(C) Evoked oscillations in a pair of mitral cells
were highly synchronized. Three responses
are shown on the left. The cross-correlogram
for this pair (right; average of 15 responses)
had a peak value at t  0 of C0  0.86.
ulation elicited complex or oscillatory responses with rectly evoke an action potential in the test mitral cell
(Figure 1B) nor a subthreshold depolarization in themultiple depolarizing peaks. The evoked oscillations
were slow, with a 0.50  0.08 s (n  8) interval between presence of DL-AP5 and NBQX (n 4; data not shown).
The probability of eliciting oscillations for a weakerthe first two depolarizing peaks (2 Hz). They also had
a stereotyped pattern, as increasing the stimulus 3V–5V stimulus (Posc  0.4) was increased by 49% 
7% (n  3) with a three to ten pulse high-frequencystrength to 10V–50V did not change the number of depo-
larizing peaks (6% 12% decrease, n 4). The oscilla- stimulus train (Figure 1B). This suggests that the transi-
tion from simple to oscillatory depolarization is due totions were not due to direct depolarization of the mitral
cell primary dendrite, because stimulation did not di- recruitment of additional ORNs.
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Synchronization of olfactory projection neurons has Mechanisms of Generation: A Persistent
Triggering Depolarizationbeen postulated to be important for odor discrimination
The time course of the responses to ON stimulation(Stopfer et al., 1997). Using whole-cell recordings in
provided a clue into the mechanism of generation of thepairs of adjacent mitral cells (Figure 1C), we found that
oscillations. The control data trace in Figure 3A showsevoked 2 Hz oscillations were highly synchronized,
that the membrane potential between each evoked os-with a peak cross-correlation value at t  0 (C0) of
cillatory depolarization remained above the baseline.0.87  0.04 (n  4). Action potentials were often seen
This underlying persistent depolarization could be phar-at the peaks of the evoked depolarizations (e.g., the
macologically isolated. The AMPA/kainate receptor an-response to 20V stimulus in Figure 1B), suggesting that
tagonist 1,2,3,4-tetrahydro-6-nitro-2,3-dioxobenzo[f]-the slow oscillations promote synchronized patterns of
quinoxaline-7-sulfonamide (NBQX, 10–20 M) blockedmitral cell spike firing.
the oscillations (Posc  0.25  0.11, n  11; Figure 3A)
but left intact a long-lasting depolarization (Dpersistent; timeSynchronized Oscillations Originate
to 80% decay  2.4  0.3 s, n  7). Dpersistent was, inwithin Single Glomeruli
turn, reduced by the metabotropic glutamate receptorFunctional studies have indicated that an odorant elicits
(mGluR) antagonist RS--methyl-4-carboxyphenylglyc-a specific map of glomerular activation (Mori et al., 1999;
ine (MCPG, 1 mM; Figure 3B) and the NMDA receptorRubin and Katz, 1999). The oscillations in mitral cells
antagonist DL-2-amino-5-phosphonopentanoic acidcould provide a mechanism of maintaining the fidelity
(DL-AP5, 100 M). The duration of Dpersistent was stronglyof the spatial map, if synchronization is specific to mitral
correlated with that of the oscillations. This is most ap-cells projecting to the same glomerulus. We thus ana-
parent in comparing the effect of MCPG on Dpersistent andlyzed the oscillatory responses and projection patterns
the evoked oscillations (Figure 3C). These results indi-of mitral cells labeled with biocytin (Figure 2). In these
cate that the mGluR and NMDA receptor-dependentexperiments, we added a low concentration of NMDA
Dpersistent is necessary to maintain the overlying rhythmic(10–20 M) to the bath in order to provide a sustained
activity.depolarizing stimulus to all mitral cells in the slice. As
shown below (see Figure 3), NMDA receptors have a
Mechanisms Driving the Depolarizing andcritical function in triggering oscillations evoked by ON
Hyperpolarizing Phases of Each Oscillationstimulation. Bath-applied NMDA elicited slow oscilla-
Dpersistent could drive each oscillatory depolarization bytions (see response of MA in Figure 2A) that had similar triggering glutamate release from mitral cell dendriteskinetic (frequency 0.9 0.1 Hz, n 14) and pharmaco-
and subsequent activation of glutamate autoreceptorslogical properties (78%  4% amplitude reduction by
(Nicoll and Jahr, 1982; Aroniadou-Anderjaska et al., 1999;30M NBQX, n 4) as oscillations evoked by ON stimu-
Isaacson, 1999; Friedman and Strowbridge, 2000; Salinlation.
et al., 2001). Consistent with this possibility, blockade ofThere was a strong correlation between mitral cell
glutamate uptake with DL-threo-	-benzyloxyaspartatedendritic morphology and the amplitude of NMDA-
(DL-TBOA, 10 M) or L(-)-threo-3-hydroxyaspartic acidevoked oscillations (Figures 2A and 2B). Mitral cells with
(THA, 100–200 M) prolonged the half-width (W1/2) of theintact primary dendrites had robust oscillations (
3mV;
depolarization (by 110%  25%, n  6, and 41% 
46 of 47 cells), whereas cells with truncated primary
17%, n 6, respectively; Figures 4A and 4D). The effect
dendrites did not (n  10). Unresponsive cells, whose of uptake block was seen for all evoked oscillations (see
primary dendrites were presumably cut during slice traces in Figure 4A), implying that each depolarizing
preparation, had largely intact secondary dendrites. phase is driven by an episode of glutamate release. The
These results strongly suggest that NMDA-evoked oscil- autoreceptor hypothesis also predicts that depolariza-
lations originate in the glomerulus. Also consistent with tion should be sensitive to the kinetics of the underlying
a glomerular origin, focal application of NMDA (20–30 autoreceptor (Salin et al., 2001). In these experiments,
M) onto individual glomeruli with a patch pipette (1–2 we partially blocked inhibition (with 2 M bicuculline
m tip diameter) effectively elicited slow oscillations methiodide [BMI]), which allowed oscillations to be trig-
(n  5; data not shown). gered in the absence of NMDA receptors. Oscillations
Synchronization of the oscillations was tested in 26 evoked in DL-AP5 (100 M; Figure 4B), which were
pairs of mitral cells with intact primary dendrites and blocked by NBQX (20 M; n  6), remained highly syn-
closely spaced somata (40 m separation; Figures 2C chronized (C0  0.89  0.05; n  4) but were reduced
and 2D). The laminar structure of the slice was demar- in duration (decrease in W1/2 by 46%4%, n7; Figures
cated with a nuclear counterstain. The cross-correlation 4B and 4D). These results are consistent with each depo-
values (C0) were grouped according to the projection larization being driven by kinetically “slow” NMDA auto-
patterns. Mitral cells that projected to the same glomeru- receptors, while AMPA/kainate autoreceptors can medi-
lus were highly synchronized (C0  0.80  0.13, n  ate more rapid depolarizations. The glomerular origin of
7), whereas cells that projected to glomeruli that were the oscillations (Figure 2A) implies that autoreceptor
widely separated were not (C0  0.01  0.03, n  8). activation occurs at mitral cell primary dendrites (see
Cell pairs with projections to distinct but adjacent glo- also below). While it has been suggested that PG cells
meruli had an intermediate level of synchronization (C0 surrounding glomeruli can also excite mitral cells (Marti-
0.18  0.05, n  11). Highly synchronized activity (C0  nez and Freeman, 1984), we did not find PG-to-mitral
0.6) was restricted to mitral cells projecting to the same cell excitatory connections in paired recordings that had
glomerulus (Figure 2D), implying that synchrony origi- functional mitral-to-PG cell connections (n 5; data not
shown).nates within single glomeruli.
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Figure 2. Synchronized Oscillations Are Glomerulus Specific
(A) Pair of mitral cells filled with biocytin (0.2%) with their corresponding responses to bath-applied NMDA (15 M) shown on the right. NMDA
evoked robust oscillations in the cell with an intact primary dendrite (MA), whereas the cell with a cut primary dendrite (MB) was unresponsive.
Note that the primary dendrites of the two cells cross over each other.
(B) The presence of oscillations was strongly correlated with mitral cell morphology across 57 recordings, consistent with the oscillations
originating within the glomerulus.
(C) The origin of synchronization was determined by comparing the projection patterns in pairs of biocytin-filled mitral cells (red) with their
degree of synchronization (traces and cross-correlograms on right). Individual glomeruli in the images are demarcated by a ring of surrounding
PG cells labeled with propidium iodide (green), seen best at higher (20) resolution. Mitral cells with projections to the same glomerulus (top)
were highly synchronized (C0  0.90), whereas cells projecting to widely separated glomeruli (middle) were unsynchronized (C0  0.04). Cells
projecting to adjacent glomeruli (bottom; separated by PG cells at arrow in 20 image) displayed modest synchronization (C0  0.23).
(D) In 26 recordings, high synchronization (C0 0.6) was restricted to pairs with projections to the same glomerulus, implying that synchronizing
mechanisms occur in single glomeruli.
The depolarizing phase of the oscillations was not (10–20 M) were insensitive to the broad-spectrum cal-
cium channel blocker cadmium (25 M; 8%  10% de-influenced by blockers of many voltage-gated conduc-
tances. For example, oscillations evoked by NMDA crease, n 6) or to blockers of L-type (nifedipine, 5 M;
Glomerulus-Specific Synchronization in the Bulb
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Figure 3. Oscillations Are Triggered by a Per-
sistent Depolarization in Mitral Cells
(A) The AMPA/kainate receptor antagonist
NBQX (20 M) blocked the oscillations and
revealed an underlying persistent depolariza-
tion (Dpersistent).
(B) Dpersistent was reduced by MCPG (1 mM), as
well as by DL-AP5 (100 M), indicating that
it is mediated by both mGluR and NMDA re-
ceptors. The plot reflects amplitude measure-
ments 2 s following the stimulus.
(C) MCPG also affected the timing of the os-
cillations, as reflected in the interval Tosc be-
tween the stimulus and the last oscillation
(traces, left, and plot, upper right). The similar
effects of MCPG on the duration of Dpersistent
and Tosc (shown as difference curves at bot-
tom right) are consistent with Dpersistent acting
to trigger the overlying oscillations. Each dif-
ference curve reflects an average from four
cells.
0%  5% change, n  3) and T-type calcium channels 38%; n 5; Figure 4D). The oscillations were unaffected
by inclusion of potassium channel blockers in the patch(nickel, 200 M; 3%  10% decrease in amplitude of
oscillations evoked by 12 mM K, n  3). The effects of pipette (15 mM TEA and 6 mM 4-AP plus replacement
of K with Cs; n  4), indicating that bath-applied TEAsodium channel antagonists were dependent on how
they were applied. NMDA-evoked oscillations were un- acted on potassium channels within a network of mitral
cells rather than one cell. Conditions that completelyaffected when QX-314 (15 mM, n  4) was included in
the patch pipette but were abolished by bath-applied blocked hyperpolarization also blocked the depolarizing
component of the response (e.g., adding 8 mM 4-amino-tetrodotoxin (TTx, 1 M; n  4). Blockade by TTx but
not QX-314 implies that each depolarization is driven pyridine plus BMI to the bath, n  4). The large effects
of BMI and TEA on the depolarization duration indicateby action potential-evoked glutamate release from a
network of mitral cells rather than a single cell. that local inhibitory circuits and TEA-sensitive potas-
sium channels play major roles in initiating hyperpolar-The expanded trace in Figure 4C shows a barrage of
hyperpolarizing potentials superimposed on each oscil- ization.
latory depolarization. This barrage, which was blocked
by the GABAA receptor antagonist BMI (10 M; n  The Oscillation Frequency Is Determined
Primarily by the Kinetics of Regenerative6), reflects feedback inhibition from bulb interneurons.
Neither BMI nor picrotoxin (50–100 M) blocked the Glutamate Release
The sensitivity of the oscillations to DL-AP5 (Figure 4B)oscillations, but both drugs prolonged the oscillatory
depolarization (increase in W1/2 by 89%  11%, n  6, suggested that the 2 Hz frequency directly reflects
the slow kinetics of NMDA autoreceptors. However, theand 69%  17%, n  5, respectively; Figures 4C and
4D). Bath application of the potassium channel blocker decay of the autoexcitatory current in mitral cells was
much faster (Figure 5A; auto  52  5 ms, n  8) thantetraethyammonium chloride (TEA, 20 mM) also pro-
longed the depolarization (increase in W1/2 by 157%  oscillations evoked by ON stimulation (W1/2 203  20
Neuron
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Figure 4. Mechanisms that Drive Each Single
Oscillation
(A) Blockade of glutamate uptake with DL-
TBOA (10 M) prolonged the half-width (W1/2)
of the depolarizing phase of the oscillations.
The effect, which can be seen best in the
expanded traces and plot on the right, indi-
cates that each depolarization is driven by
an episode of glutamate release from mitral
cells.
(B) In a pair of mitral cells, DL-AP5 (100 M)
reduced W1/2, consistent with each depolar-
ization being driven by glutamate acting on
kinetically “slow” NMDA autoreceptors on
mitral cell dendrites. Note in the traces that
DL-AP5 had little effect on synchronization.
(C) The GABAA receptor antagonist BMI (10
M) prolonged W1/2, indicating that local in-
hibitory circuits contribute to the initiation of
the hyperpolarizing phase. The expanded
trace at top right shows that GABAergic
IPSPs could be seen at the peak of the depo-
larization when the cell was held at its resting
potential.
(D) Summary of drug effects on the duration
(W1/2) and amplitude of the depolarizing phase
of the oscillations, as well as the oscillation
frequency. Included are results of experi-
ments done with the potassium channel
blocker TEA (20 mM). Note that the effects of
the different drugs on the oscillation fre-
quency varied inversely with their effects on
the depolarization amplitude.
ms, n  10; Figure 5C). To determine the contribution tively by the presynaptic action of glutamate on NMDA
autoreceptors.of the glutamate transient to the oscillation timing, we
assayed the activity of PG cells, which project dendrites The oscillation frequency is also influenced by the
duration of the hyperpolarizing phase. However, we ob-into single glomeruli (Shepherd and Greer, 1990). ON
stimulation (n 7) or bath-applied NMDA (n 16; Figure served a strong inverse relationship between the fre-
quency and the magnitude of the depolarizing phase,5B) elicited repeated, long-lasting barrages of rapidly
decaying ( 1 ms) AMPA receptor-mediated EPSCs. when oscillations were recorded under different phar-
macological conditions (Figure 4D). This pattern sug-The barrages were similar in duration (Tbarrage  240 
25 ms, ON stimulation-evoked) to the oscillatory depo- gested that frequency was controlled primarily by the
regenerative depolarization. For example, BMI reducedlarization (Figure 5C), indicating that depolarization was
shaped mainly by the duration of glutamate release. the oscillation frequency (by 47%  4%, n  6) by pro-
longing both the depolarizing and hyperpolarizingThe barrages, moreover, were prolonged by blockade
of glutamate uptake (with THA, 100–200 M; by 63%  phases (see traces in Figure 4C). The longer depolariza-
tion in BMI was due to longer-lasting glutamate release15%, n  10; Figure 5D), whereas their duration was
reduced by DL-AP5 (50–100 M; by 50%  8%, n  5). in the absence of feedback inhibition (increase in Tbarrage
by 71%  20%, n  3), while the larger depolariza-Thus, long-lasting glutamate release is driven regenera-
Glomerulus-Specific Synchronization in the Bulb
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Figure 5. Determinants of the Oscillation Fre-
quency
(A) The intrinsic kinetic response of mitral cell
autoreceptors was estimated from currents
evoked by direct mitral cell stimulation (2.5
ms, 30mV; in 20 M BMI). The inward cur-
rent had components that were sensitive to
DL-AP5 as well as NBQX (Salin et al., 2001).
The decay time constant (auto) fitted to the
dual-component response in this experiment
was 78 ms.
(B) The kinetics of the glutamate transient at
mitral cell primary dendrites was estimated
using recordings from PG cells. Bath-applied
NMDA (15 M) evoked barrages of rapidly
decaying EPSCs, as well as an underlying
slow inward current (Islow; seen best in the av-
erage trace). Note that the duration of the
EPSC barrages (Tbarrage) was several hundred
milliseconds. Averaging was done by aligning
selected barrages to the first EPSC.
(C) The oscillatory depolarization in mitral
cells (top) was much longer in duration than
the decay of the autoexcitatory current (mid-
dle) but closely matched the EPSC barrages
in PG cells (bottom). Thus, the main determi-
nant of the depolarization kinetics was the
duration of glutamate release rather than the
intrinsic kinetics of NMDA receptors. W1/2 and
Tbarrage measurements were made on re-
sponses to either ON stimulation (lighter bars)
or bath-applied NMDA (darker bars).
(D) Blockade of glutamate uptake with THA
(100–200 M) prolonged the barrages in PG
cells, while DL-AP5 (100 M) reduced their
duration. Thus, long-lasting glutamate re-
lease in the glomerulus is driven by the regen-
erative action of glutamate on NMDA autore-
ceptors on mitral cell dendrites.
tion could prolong the subsequent hyperpolarization merulus-specific synchronization of mitral cells, if gluta-
through a number of mechanisms, including the opening mate spills over between dendrites of different mitral
of more potassium channels. cells. We tested the extent of glutamate spread in two
Surprisingly, the NMDA-evoked EPSCs in PG cells ways. In recordings from pairs of closely spaced mitral
were relatively insensitive to Cd (20%  15% charge cells (Figure 6A), stimulation of one mitral cell (500 ms,
reduction by 25 M Cd, n  5), which normally acts as 30mV) elicited a DL-AP5-sensitive inward current in
a potent blocker of transmitter release at conventional the other cell, reflecting the activation of NMDA recep-
axodendritic synapses (Diamond and Jahr, 1995). Cd tors by glutamate spillover (Isaacson, 1999). Spillover
(25 M) did abolish ORN-to-mitral cell transmission (n could occur at mitral cell primary or secondary den-
3), as well as granule cell EPSCs (86%  5% charge drites. However, a spillover-mediated current was only
reduction by 10 M Cd, n  5). The low Cd sensitivity detected in cell pairs that displayed highly synchronized
of the EPSCs in PG cells could be due to an unusual oscillations upon subsequent application of NMDA (C0
release mechanism in the primary dendrite (e.g., if the 0.6, n  4). Because our morphological data (Figure
release apparatus has a high calcium sensitivity) or be- 2D) indicated that only highly synchronized mitral cells
cause Cd did not fully penetrate the glial-wrapped sub- project their primary dendrites to the same glomerulus,
compartments that contain these dendrites (Kasowski the restricted pattern in the current recordings provides
et al., 1999). Regardless of the explanation, the low Cd strong evidence that spillover occurs at mitral cell pri-
sensitivity of the EPSCs, which was also seen for oscilla- mary dendrites.
tions in mitral cells (see above), confirmed that oscilla- The excitatory responses of PG cells (Figures 5B and
tions are driven by glutamate release from mitral cell 6B) were composed of a slow inward current (Islow) as
primary dendrites. well as barrages of rapid EPSCs. Islow could in part reflect
spillover of glutamate released from mitral cells to which
the PG cell was not directly connected. Islow typicallyEvidence for Glutamate Spillover in the Glomerulus
preceded the EPSCs, consistent with at least a fractionLong-lasting glutamate release within the glomerulus
could provide a potent mechanism leading to the glo- of synaptically unconnected mitral cells being activated
Neuron
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Figure 6. Evidence for Glutamate Spillover in
the Glomerulus
(A) Measurement of spillover-mediated excit-
atory currents in mitral cell pairs. The data
traces reflect currents (DL-AP5-subtracted)
in one mitral cell MB evoked by depolarization
of the other cell MA (30mV, 500 ms) in two
separate pairs. Note that the mitral cell from
the highly synchronized pair (C0  0.9; top)
displayed a large current, whereas the cell
from the unsynchronized pair did not (bot-
tom). This pattern, which was seen across 15
paired recordings (plot on right), is consistent
with glutamate spillover occurring in the glo-
merulus. Synchronization was assessed dur-
ing responses to bath-applied NMDA (15M).
(B) In recordings of excitatory responses in
PG cells, kynurenate (Kyn, 200 M) virtually
abolished Islow while having little effect on rap-
idly decaying EPSCs. The plot (right) shows
that 1 mM Kyn was required for similar block-
ade of the EPSCs. The stronger block of Islow
by Kyn is consistent with activation of PG
cell dendrites by glutamate spillover. Traces
reflect averages of barrages that were evoked
by bath-applied potassium (12 mM) in the
presence of DL-AP5 (100 M). Islow in these
recordings reflects spillover-mediated acti-
vation of AMPA receptors.
(C) Model for glutamate spread within the glo-
merulus. Note that contacts between PG and
mitral cells are encased in glial-wrapped sub-
compartments. Afferent input onto MA elicits
a depolarization Vdep that leads to a regenera-
tive release-driven pulse of glutamate that
fills one compartment (expanded, lower left).
Electrotonic spread of depolarization and ad-
ditional release into other compartments elic-
its localized pulses throughout the glomeru-
lus (two at right). Glutamate spillover between
dendrites of different mitral cells (MA and MB)
within a single compartment (expanded at
upper right) provides a mechanism to drive
their synchronization.
before connected cells. The spillover model for Islow pre- tivity to Kyn (Bortolotto et al., 1999). These results indi-
cate that glutamate spillover can lead to the activationdicts that it should be blocked by a low-affinity gluta-
mate receptor antagonist such as kynurenate (Kyn; Dia- of nearby PG cell dendrites within the glomerulus, as
well as adjacent mitral cell dendrites.mond and Jahr, 1997), because receptors underlying
this current respond to a relatively low concentration of
glutamate. The amplitude of the rapid AMPA receptor- Responses to Patterned Stimuli
Thus far, we have shown that slow mitral cell oscillationsmediated EPSC was used to assess Kyn penetration
into the glomerulus. In five PG cells, 200 M Kyn sub- can be elicited by either a single stimulus to the olfactory
nerve or a sustained depolarization induced by bath-stantially reduced Islow (74%  2% block) but had much
less effect on the EPSC (18%  5% amplitude reduc- applied NMDA. However, an odorant stimulus in vivo is
delivered as a series of pulses that follow the respiratorytion). This concentration of Kyn had little effect on Islow
in three other PG cells, presumably owing to differences cycle. Additionally, the long firing lag in odor responses
of ORNs (Duchamp-Viret et al., 1999) suggests that dif-in slice penetration. Islow was not due to kainate receptor
activation because kainate receptors have a low sensi- ferent ORNs projecting to a single glomerulus fire asyn-
Glomerulus-Specific Synchronization in the Bulb
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Figure 7. Slow Oscillations Amplify Sensory
Inputs in Response to Patterned Stimuli
(A) Responses of one mitral cell to a single
ON stimulus (top trace), trains of single pulses
at different frequencies (15V; middle three
traces), and an 8 Hz train of stimulus bursts
of lower intensity (10V, four pulses separated
by 15 ms, bottom trace). Patterned stimuli
applied at 8 Hz entrained the oscillations,
whereas the cell oscillated near its 2 Hz
intrinsic frequency with the 20 Hz train (see
diagonal arrow).
(B) A plot of stimulus frequency versus the
oscillatory response (“output”) shows that
stimulus entraining consistently occurred at
8 Hz (see data points on or near dashed
line) but was lost at higher frequencies. Each
data point reflects4 experiments. The “out-
put” was taken from the separation between
the peak at t  0 and the first peak to the
right in autocorrelograms derived from the
data traces.
(C) In a different mitral cell, a 5 Hz train of
stimulus bursts elicited slow oscillations that
were time locked to the bursts, as well as
single EPSPs locked to each stimulus in the
burst. The EPSPs are most obvious in the
expanded responses to 10V stimuli at the bot-
tom, while the EPSPs evoked by the 8V stimuli
were often barely detectable. With the 8V
stimulus, the oscillations (8.9mV) were 18-
fold larger than the average EPSP (0.49mV),
indicating that oscillations can dramatically
amplify inputs from ORNs. Stimulus artifacts
were reduced by subtracting an average
trace obtained in NBQX (20M), DL-APV (200
M), and MCPG (1 mM).
(D) Amplitude comparison between EPSPs
and oscillations across 13 mitral cell re-
cordings. Note that the EPSP amplitudes var-
ied by as much as a factor of 10, while the
oscillation amplitudes differed only 2-fold.
Note also that amplification was largest for
cells with the smallest EPSPs (the data points
above the dashed line).
chronously during any given cycle. Because odor- (Youngentob et al., 1987). Thus, slow mitral cell oscilla-
tions can be entrained to the sensory input within ainduced firing of olfactory projection neurons depends
strongly on the timing of the stimulus (Christensen et al., physiologically relevant frequency range.
Closer examination of the mitral cell responses to2000, Vickers et al., 2001), we tested whether oscillations
could be elicited by patterned electrical stimuli that the stimulus bursts (Figure 7C) shows that small, rapid
depolarizations were often superimposed on the slowermimic an odorant stimulus. We applied both trains of
single pulses as well as trains of stimulus bursts. For oscillatory depolarization. The rapid depolarizations re-
flect EPSPs resulting from ORN-to-mitral cell transmis-the latter, we used a lower stimulus intensity that did
not evoke responses during single-pulse trains. As can sion, based on their short latency following each stimu-
lus (time-to-half-peak  1.8  0.1 ms, n  4), as wellbe seen in Figure 7A, both stimulus paradigms evoked
phasic depolarizations that were similar in amplitude as their rapid rise times (20%–80% rise  0.80  0.17
ms) and half-widths (7.2  1.4 ms). Additionally, suchto oscillations evoked by a single stimulus and clearly
distinct from the faster and smaller EPSPs associated depolarizations were not superimposed on oscillatory
responses to a single stimulus (in 10 M BMI; n  6).with ORN-to-mitral cell transmission (see Figure 7C).
The phasic depolarizations evoked by 5 Hz stimulus At stimulus intensities that were just above threshold
for evoking oscillations (Posc  0.8), the oscillationsbursts were highly synchronized in mitral cell pairs (C0
0.93 and 0.89; n 2). The extent to which the depolariza- (9.0mV  0.9mV; n  13; Figure 7D) were 7- to 45-fold
larger than the EPSPs (0.54mV  0.13mV). Most of thetions were entrained by the stimuli was strongly fre-
quency dependent (Figures 7A and 7B), being stimulus variation in EPSP amplification in different mitral cells
was due to the 10-fold difference in EPSPs, whereaslocked at 8 Hz, while slower oscillations (3.1 0.4 Hz,
n  8) reappeared with 20 Hz stimuli. The respiratory the oscillations varied by little more than a factor of two
(Figure 7D). These results indicate that patterned stimulicycle of rats performing odor detection tasks is 8 Hz
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can evoke large, relatively uniform oscillations within a Mechanisms of Slow Oscillations
Our experiments indicated that slow intrinsic oscilla-network of mitral cells, even while the ORN input onto
any one mitral cell is weak and highly variable. tions in mitral cells are generated in several sequential
steps. Release of glutamate from ORN terminals leads
to an NMDAR and mGluR-dependent persistent depolar-Discussion
ization in the mitral cell, which in turn triggers regenera-
tive bursts of glutamate release from mitral cell primaryOscillations in Olfactory Systems
dendrites, followed by activation of AMPA/kainate andSlow, rhythmic spiking is a characteristic of odor-
NMDA autoreceptors. Consistent with this mechanism,evoked responses in the olfactory systems of a number
the NMDA receptor subunit NR1 and mGluR1 are highlyof species (Adrian, 1950; Gelperin and Tank, 1990; Dela-
expressed at ORN-mitral cell synapses in the glomerulusney and Hall, 1996; Friedrich and Laurent, 2001; Vickers
(van den Pol, 1995; Giustetto et al., 1997), while AMPA/et al., 2001). In the mammalian olfactory bulb, odor gen-
kainate receptor subunits are expressed on mitral cellserally elicits slow 2 Hz oscillatory responses in mitral
at PG-mitral cell synapses (Montague and Greer, 1999).cells (Chaput and Holley, 1980, 1985; Sobel and Tank,
The depolarizing phase of the oscillations, which was1993; Kay and Laurent, 1999; Rubin and Katz, 1999;
driven by a glomerulus-specific network of mitral cells,Margrie et al., 2001), with the exact characteristics of
may be mechanistically similar to a long-lasting depolar-the responses being dependent on the anesthetic state
ization previously reported in mitral cells, which was alsoof the experimental animal. The factors that contribute
shown to be glomerulus specific (Chen and Shepherd,to slow patterning in mammals remain controversial.
1997; Carlson et. al., 2000). The hyperpolarizing phaseWhile fluctuations in odor concentration at the olfactory
of each oscillation appears to be initiated by GABAAepithelium with the respiratory cycle must contribute,
receptor-mediated inhibition from bulb interneurons andmechanisms intrinsic to the bulb are also likely to be
potassium channels within the mitral cell network. Theseinvolved. For example, action potentials in odor-respon-
act to curb the regenerative mechanism that drives de-sive mitral cells are suppressed during the expiration
polarization. The factors that contribute to sustainingphase of breathing (e.g., see Chaput and Holley, 1980),
the hyperpolarization remain less clear. It appears notwhich is best explained by hyperpolarization of mitral
to involve GABAA receptors, because the inhibitory bar-cells. Additionally, two phases of mitral cell excitation
rages during the oscillations were confined to the de-can occur during a single respiratory cycle (Onoda and
polarizing phase (Figure 4C). The strong relationshipMori, 1980; Meredith, 1986; Buonviso et al., 1992). Such
between the magnitude of the depolarizing phase anda pattern would be expected if there are intrinsic oscilla-
the oscillation frequency (Figure 4D) is consistent withtions that are generally tuned to the phasic sensory input
several mechanisms, including potassium channel gat-but sometimes are “misaligned.” In a more direct test,
ing, glutamate autoreceptor desensitization, or vesicleSobel and Tank (1993) found that phasic firing was re-
depletion.duced but not abolished when they dissociated a long
odor pulse from the breathing cycle, using double tra-
cheal cannulation. The difficulty in discriminating respi- A Chemical Glomerular Compartment
The timing of fast (30–70 Hz)  oscillations in the hippo-ratory cycle-independent patterning in mitral cells sug-
gests that the maximal oscillatory response requires campus reflects the rapid kinetics of GABAA receptors
(decay  10 ms) in underlying local synaptic circuitsintrinsic mechanisms working in concert with phasic
sensory input. The slow, glomerulus-specific depolar- (Whittington et al., 1995; Fisahn et al., 1998). While the
frequency of mitral cell oscillations was influenced byizations that we evoked with electrical stimuli may be
similar to the “all-or-none” odor-evoked potentials re- the slow kinetics of NMDA autoreceptors, the actual
timing primarily reflected the ability of these receptorscorded in glomeruli in the rabbit olfactory bulb (Leveteau
and MacLeod, 1966). to drive long-lasting glutamate release within the glo-
merulus. The glomerulus is ensheathed by glial pro-The mammalian bulb also responds to odor with rapid
40 Hz oscillations (Adrian, 1950). These have been sug- cesses (Chao et al., 1997) and also includes glial-
wrapped subcompartments that contain bundles of mi-gested to be generated through the action of local inhibi-
tory circuits (Rall and Shepherd, 1968). Intrinsic sodium tral cell primary dendrites (Kasowski et al., 1999). This
compartmentalization makes it unlikely that the gluta-conductances can also drive spontaneous rapid oscilla-
tions in mitral cells (Desmaisons et al., 1999). Besides mate transient within the glomerulus is homogeneous
but instead suggests that glutamate is present in local-having markedly different kinetics, the slow oscillations
that we describe are mechanistically distinct because ized pools (see model in Figure 6C). Regenerative re-
lease provides a mechanism to drive high local concen-they were not blocked by inhibitors of GABAA receptors
nor by a blocker of sodium channels in the patch pipette. trations within single subcompartments, which could
extend into other compartments due to electronicBarrages of rapidly decaying IPSPs were superimposed
on the oscillations (Figure 4C), but we did not test spread of depolarization in the mitral cell dendrite and
additional release. Spread throughout the glomeruluswhether this activity was oscillatory or synchronized
between different mitral cells. Slow synchronized oscil- would be augmented because each subcompartment
contains dendrites from several mitral cells and duelations could work together with superimposed rapid
oscillations to maximize the postsynaptic response to to additional input from ORNs. In comparison to the
glomerulus, the EPL contains fewer glial enfoldings thatinputs from mitral cells in the olfactory cortex. For exam-
ple, slow oscillations could serve to cluster spikes during surround mitral cell secondary dendrites.
The most striking feature of the oscillations was theirthe 100 ms peak of the depolarization, while rapid
oscillations synchronize spikes more precisely. tight synchronization within a glomerulus-specific popula-
Glomerulus-Specific Synchronization in the Bulb
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trained to the stimulus. The 2 Hz intrinsic frequency of
the oscillations is somewhat slower than the sniffing
cycle of a rat (8 Hz; Youngentob et al., 1987), yet the
oscillations could be driven at the same rate as the
sensory input at8 Hz. Presumably, the pulses of gluta-
mate delivered from ORN terminals across the mitral
cell network provide an excitatory drive that overrides
some of the intrinsic mechanisms that determine the
oscillation frequency. Our data also indicated that the
oscillation frequency can be altered through changes
within the bulb circuitry, such as a shift in the balance
of active NMDA versus AMPA/kainate autoreceptors on
mitral cell primary dendrites (Figure 4B). Because respi-
ratory centers in the brain stem project fibers to the
center of glomeruli (Shepherd and Greer, 1990), centrifu-
gal inputs could help maintain tuning of the oscillations
under rapid sniffing conditions by downregulating
NMDA autoreceptors.
Recent studies have emphasized the role that the
timing of an odorant stimulus has on generating pat-
terned responses in olfactory projection neurons (Chris-
tensen et al., 2000; Vickers et al., 2001). We suggest that
the sensory input alone is insufficient to elicit patterned
responses in bulb mitral cells and that they also require
intrinsic oscillatory mechanisms that are tuned to theFigure 8. Hypothesized Function of Sensory-Tuned Slow Oscilla-
sensory input. The key issue is whether sensory inputtions
from ORN axons projecting to a single glomerulus leadsIn this simplified scheme, five mitral cells (M1–M5) project their pri-
mary dendrites to a single odor-activated glomerulus, while four to reliable, high-fidelity activation of mitral cells pro-
ORNs converge onto each mitral cell. Despite the convergent anat- jecting to that glomerulus. Duchamp-Viret and cowork-
omy, ORN inputs during an odorant stimulus provide a relatively ers (1999) showed that single ORNs respond to 2 s odor
weak excitatory drive onto mitral cells (see text). In this example, pulses only after a pronounced 100–200 ms spiking lag.
ORN inputs by themselves activate only one of the five mitral cells,
This lag, which may reflect delays in activation of cyclicM2 (see top row of responses at bottom). M2 receives inputs from
nucleotide-gated channels (Firestein et al., 1991), sug-two relatively synchronized ORNs, whereas other cells receive fewer
gests that only a fraction of the 1000 ORNs that con-active inputs (M1 and M3), or their inputs are too asynchronized (M4
and M5). Oscillations that occur concurrently with the sensory input verge onto a mitral cell are activated during a single
activate all mitral cells within the glomerulus-specific network (bot- respiratory cycle occurring at 8 Hz (Figure 8). Likewise,
tom row of responses), thereby ensuring that they respond to odor the asynchrony in ORN firing greatly minimizes the sum-
as a functional unit.
mation of inputs. The probability of mitral cell activation
is further reduced by the fact that ORN-mitral cell EPSPs
tion. Our evidence for glutamate spillover in the glomerulus are attenuated at the mitral cell soma, the site of spike
suggests that synchronization is due to transmitter diffu- initiation when only a few inputs are simultaneously acti-
sion between synapses. Spillover of glutamate between vated (Chen et al., 1997). The intrinsic oscillations that
excitatory and inhibitory terminals has also been ob- we have described can amplify a 500V EPSP at the
served within glomerular structures in the cerebellum soma into a 10mV depolarization. The larger depolariza-
(Mitchell and Silver, 2000). How much glutamate diffuses tion is far more likely to elicit spiking in mitral cells.
between mitral cell dendrites within olfactory glomeruli Equally significant, the large depolarization occurs in all
or how far it diffuses is not known. One constraint on mitral cells that project to a single glomerulus, regard-
the spillover model is that synchronization is maintained less of the strength of sensory input onto any one cell
for oscillations driven by AMPA/kainate autoreceptors or lateral inhibitory interactions between cells. It may
(Figure 4B), despite the low affinity of these receptors. be initiated by as few as one of the25 mitral cells that
Thus, concentrations of glutamate 100 M are likely project to a single glomerulus. By allowing the integra-
to be required, providing further evidence that the gluta- tion of weak signals occurring over a long period of time,
mate concentration is nonuniformly distributed within slow oscillations may reflect a unique adaptation of the
restricted glomerular subcompartments. Several other olfactory system to sensory stimuli that occur on the
factors may contribute to synchronization, such as local time scale of the respiratory cycle.
electric fields or gap junctions (Jefferys, 1995; Paternos- Odor elicits a highly ordered spatial map of glomerular
tro et al., 1995). Synchronization could also be affected activation in the bulb (Mori et al., 1999; Rubin and Katz,
by the activity of interglomerular circuits. For example, 1999), reflecting the contribution of the set of ORNs
PG cells extending axons to nearby glomeruli (Shepherd activated by an odorant. Sensory-tuned slow oscilla-
and Greer, 1990) could drive the modest synchronization tions provide a mechanism to ensure that all mitral cells
found for mitral cells projecting to adjacent glomeruli. within a glomerulus-specific network act as a functional
unit. As a result, the fidelity of the spatial map is pre-
Functional Implications served. The spatial map reflected in the activity of mitral
Patterned electrical stimuli that mimicked a physiologi- cells, however, is not likely to be an exact match of the
map of glomerular activation. The all-or-none nature ofcal odorant stimulus evoked oscillations that were en-
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raw data traces (heavily filtered at 5–10 Hz). Each oscillation wasthe slow oscillations (Figure 1B) suggests that amplifica-
defined as a peak in the derivative trace with a greater than specifiedtion would only occur in mitral cells projecting to most
minimum amplitude (30–100mV/s). The probability of eliciting oscil-strongly-activated glomeruli. Lateral inhibition between
lations (Posc) was taken as the percentage of stimuli that elicited atpopulations of activated mitral cells would also favor least two peaks. Frequency estimates for the experiments in Figure
networks of mitral cells projecting to strongly activated 4D were taken by averaging the separations between all peaks.
Calculation of the cross-correlation of the ON stimulation-evokedglomeruli. Such a fine-tuning of the map may not be
oscillations (Figure 1C) was restricted to a 1–2 s window in eachsurprising. Single ORNs have been shown to be broadly
trace, beginning 500 ms following the stimulus. All reported valuestuned to different odors (Firestein et al., 1993; Duchamp-
reflect 7 responses. The cross-correlation for the NMDA-evokedViret et al., 1999), suggesting that some of the specificity
oscillations (Figures 2C and 2D) was calculated over 
80 s.
of odorant processing occurs in the bulb. Analysis of the NMDA-evoked EPSC barrages in interneurons was
confined to those cells with discrete barrages that could be distin-
Experimental Procedures guished by eye. The duration of the excitatory barrage was taken
as the time interval between the first and last events with a greater
Horizontal slices (400 m) were prepared from olfactory bulbs of than specified minimum amplitude (
10–20 pA). To determine the
10- to 23-day-old Sprague-Dawley rats, as described (Schoppa et effect of Cd, charge estimates were obtained by numerically inte-
al., 1998) and viewed under DIC optics (Axioskop, Carl Zeiss). Mitral grating each barrage after subtracting a baseline. All reported values
cells and granule cells were easily discriminated on the basis of reflect 15 barrages.
morphology. Periglomerular cells were identified by their small diam-
eter (5 m) and the preponderance of excitatory synaptic activity.
Acknowledgments
All experiments were performed at 34C–39C.
This work was supported by National Institutes of Health grant
Electrophysiology
NS26494 to G.L.W. We thank Michel A. Chaput, Jason M. Christie,
Except where noted, the extracellular solution contained (in mM)
Craig E. Jahr, and John W. Scott for valuable discussions.
NaCl, 125; NaHCO3, 25; NaH2PO4, 1.25; glucose, 25; KCl, 3; CaCl2,
2; and MgCl2, 1 (pH  7.3); and was oxygenated (95% O2, 5% CO2).
Received December 26, 2000; revised June 7, 2001.The pipette solution generally contained Kgluconate, 125; MgCl2, 2;
CaCl2, 0.025; EGTA, 1; NaATP, 2; NaGTP, 0.5; and HEPES, 10 (pH 
References7.3 with KOH). Autoexcitatory currents in mitral cells (Figure 5A)
were measured using a pipette solution in which CsMeSO4 replaced
Adrian, E.D. (1950). The electrical activity of the mammalian olfactoryKgluc, and 4-AP (10 mM) and TEA-Cl (15 mM) were added. TTx
bulb. Electroencephalogr. Clin. Neurophysiol. 2, 377–388.(1 M) was sometimes added to the bath. Measurements of spill-
over-mediated currents (Figure 6A) were done in a bath containing Aroniadou-Anderjaska, V., Ennis, M., and Shipley, M.T. (1999). Den-
100 M added Mg2. drodendritic recurrent excitation in mitral cells of the rat olfactory
For stimulation of afferent fibers, a bipolar tungsten electrode (tip bulb. J. Neurophysiol. 82, 489–494.
separation of 125 m; WPI) was placed in the ON layer, 100–200 Bortolotto, Z.A., Clarke, V.R., Delany, C.M., Parry, M.C., Smolders,
m superficial to the glomerular layer. Brief pulses (100s) triggered I., Vignes, M., Ho, K.H., Miu, P., Brinton, B.T., Fantaske, R., et al.
by a stimulus isolation unit (S-100, Winston Electronics, Millbrae, (1999). Kainate receptors are involved in synaptic plasticity. Nature
CA) were applied every 30–60 s. The amplitude of the stimulus 402, 297–301.
was increased (1V–50V) until oscillatory responses were evoked.
Buonviso, N., Chaput, M.A., and Scott, J.W. (1991). Mitral cell-to-ON stimulation directly evoked spikes in some mitral cells at high
glomerulus connectivity: an HRP study of the orientation of mitralstimulus intensities; such responses were excluded from the
cell apical dendrites. J. Comp. Neurol. 307, 57–64.analysis.
Buonviso, N., Chaput, M.A., and Berthommier, F. (1992). TemporalCurrent and voltage signals recorded with an Axopatch 200A am-
pattern analyses in pairs of neighboring mitral cells. J. Neurophysiol.plifier (Axon Instruments, Foster City, CA) were filtered at 1–5 kHz
68, 417–424.using an eight-pole Bessel filter and digitized at 1–10 kHz. Data
were acquired using PCLAMP version 6 (Axon Instruments) on an Carlson, G.C., Shipley, M.T., and Keller, A. (2000). Long-lasting de-
IBM 486 clone. The membrane voltage (Vm) and the access resis- polarizations in mitral cells of the rat olfactory bulb. J. Neurosci. 20,
tance (Rs) were constantly monitored. Data acquisition was termi- 2011–2021.
nated when Vm was more positive than 48mV or if Rs was greater Chao, T.I., Kasa, P., and Wolff, J.R. (1997). Distribution of astroglia in
than 15 M. Except where noted, mitral cells were held at a potential glomeruli of the rat main olfactory bulb: Exclusion from the sensory
that was somewhat hyperpolarized (70mV to 75mV) compared subcompartment of neuropil. J. Comp. Neurol. 388, 191–210.
to rest (59mV  1mV; n  37), in order to prevent spiking during
Chaput, M.A., and Holley, A. (1980). Single unit responses of olfac-the depolarizing phase of the oscillations. For voltage-clamp re-
tory bulb neurons to odour presentation in awake rabbits. J. Physiol.cordings, the holding potential was 58mV to 78mV, and series
Paris 76, 551–558.resistance compensation (60%–90%) was used. All displayed aver-
Chaput, M.A., and Holley, A. (1985). Responses of olfactory bulbage traces reflect 14 responses.
neurons to repeated odor stimulations in awake freely-breathingFor morphological characterization of mitral cell pairs, biocytin
rabbits. Physiol. Behav. 34, 249–258.(0.2%) was included in the pipette solution. Tissue slices were fixed
in 4% formaldehyde overnight (4C) and then incubated in permea- Chen, W.R., and Shepherd, G.M. (1997). Membrane and synaptic
bilizing (0.3% Triton X-100) PBS solution containing Cy-5-conju- properties of mitral cells in slices of rat olfactory bulb. Brain Res.
gated streptavidin (1g/ml; Jackson ImmunoResearch, West Grove, 745, 189–196.
PA) for 1–2 days. Propidium iodide (5 g/ml; 30 min; Molecular
Chen, W.R., Midtgaard, J., and Shepherd, G.M. (1997). Forward
Probes, Eugene, OR) was added as a nuclear stain for identification
and backward propagation of dendritic impulses and their synaptic
of glomeruli. Labeled cells were visualized with a 10 or 20 objec-
control in mitral cells. Science 278, 463–467.
tive on a confocal microscope (Noran Instruments, Middleton, WI).
Christensen, T.A., Pawlowski, V.M., Lei, H., and Hildebrand, J.G.
(2000). Multi-unit recordings reveal context-dependent modulationData Analysis
of synchrony in odor-specific neural ensembles. Nat. Neurosci. 3,All analysis was done using AXOGRAPH (Axon Instruments) on a
927–931.MacIntosh computer. Statistical significance (p  0.05; double as-
terisks in figures) was determined using the Student’s t test. Data Delaney, K.R., and Hall, B.J. (1996). An in vitro preparation of frog
nose and brain for study of odour-evoked oscillatory activity. J.values are reported as mean  SEM.
In the analysis of mitral cell oscillations, we first differentiated the Neurosci. Meth. 68, 193–202.
Glomerulus-Specific Synchronization in the Bulb
651
Desmaisons, D., Vincent, J.D., and Lledo, P.M. (1999). Control of sohn, M., Edmondson, J., and Axel, R. (1996). Visualizing an olfactory
sensory map. Cell 87, 675–686.action potential timing by intrinsic subthreshold oscillations in olfac-
tory bulb output neurons. J. Neurosci. 19, 10727–10737. Montague, A.A., and Greer, C.A. (1999). Differential distribution of
ionotropic glutamate receptor subunits in the rat olfactory bulb. J.Diamond, J.S., and Jahr, C.E. (1995). Asynchronous release of syn-
Comp. Neurol. 405, 233–246.aptic vesicles determines the time course of the AMPA receptor-
mediated EPSC. Neuron 15, 1097–1107. Mori, K., and Takagi, S.F. (1978). An intracellular study of dendroden-
dritic inhibitory synapses on mitral cells in the rabbit olfactory bulb.Diamond, J.S., and Jahr, C.E. (1997). Transporters buffer synapti-
J. Physiol. 279, 569–588.cally released glutamate on a submillisecond time scale. J. Neurosci.
17, 4672–4687. Mori, K., Nagao, H., and Yoshihara, Y. (1999). The olfactory bulb:
coding and processing of odor molecule information. Science 286,Duchamp-Viret, P., Chaput, M.A., and Duchamp, A. (1999). Odor
711–715.response properties of rat olfactory receptor neurons. Science 284,
2171–2174. Nicoll, R.A., and Jahr, C.E. (1982). Self-excitation of olfactory bulb
neurons. Nature 296, 441–444.Firestein, S., Darrow, B., and Shepherd, G.M. (1991). Activation of
the sensory current in salamander olfactory receptor neurons de- Nowycky, M.C., Mori, K., and Shepherd, G.M. (1981). GABAergic
pends on a G protein-mediated cAMP second messenger system. mechanisms of dendrodendritic synapses in isolated turtle olfactory
Neuron 6, 825–835. bulb. J. Neurophysiol. 46, 639–648.
Firestein, S., Picco, C., and Menini, A. (1993). The relation between Onoda, N., and Mori, K. (1980). Depth distribution of temporal firing
stimulus and response in olfactory receptor cells of the tiger sala- patterns in olfactory bulb related to air-intake cycles. J. Neurophys-
mander. J. Physiol. 468, 1–10. iol. 44, 29–39.
Fisahn, A., Pike, F.G., Buhl, E.H., and Paulsen, O. (1998). Cholinergic Paternostro, M.A., Reyher, C.K.H., and Brunjes, P.C. (1995). Intracel-
induction of network oscillations at 40 Hz in the hippocampus in lular injections of Lucifer yellow into lightly fixed mitral cells reveal
vitro. Nature 394, 186–189. neuronal dye-coupling in the developing rat olfactory bulb. Dev.
Brain Res. 84, 1–10.Friedman, D., and Strowbridge, B.W. (2000). Functional role of
NMDA autoreceptors in olfactory mitral cells. J. Neurophysiol. 84, Rall, W., and Shepherd, G.M. (1968). Theoretical reconstruction of
39–50. field potentials and dendrodendritic synaptic interactions in the ol-
factory bulb. J. Neurophysiol. 31, 884–915.Friedrich, R.W., and Laurent, G. (2001). Dynamic optimization of odor
representations by slow temporal patterning of mitral cell activity. Ressler, K.J., Sullivan, S.L., and Buck, L.B. (1994). Information cod-
Science 291, 889–894. ing in the olfactory system: evidence for a stereotyped and highly
organized epitope map in the olfactory bulb. Cell 79, 1245–1255.Gelperin, A., and Tank, D.W. (1990). Odour-modulated collective
network oscillations of olfactory interneurons in a terrestrial mollusc. Rubin, B.D., and Katz, L.C. (1999). Optical imaging of odorant repre-
Nature 345, 437–440. sentations in the mammalian olfactory bulb. Neuron 23, 499–511.
Salin, P.A., Lledo, P.M., Vincent, J.D., and Charpak, S. (2001). Den-Giustetto, M., Bovolin, P., Fasolo, A., Bonino, M., Cantino, D., and
Sassoe-Pognetto, M. (1997). Glutamate receptors in the olfactory dritic glutamate autoreceptors modulate signal processing in rat
mitral cells. J. Neurophysiol. 85, 1275–1282.bulb synaptic circuitry: heterogeneity and synaptic localization of
N-methyl-D-aspartate receptor subunit 1 and AMPA receptor sub- Schoppa, N.E., Kinzie, J.M., Sahara, Y., Segerson, T.P., and West-
unit 1. Neuroscience 76, 787–798. brook, G.L. (1998). Dendrodendritic inhibition in the olfactory bulb
is driven by NMDA receptors. J. Neurosci. 18, 6790–6802.Isaacson, J.S. (1999). Glutamate spillover mediates excitatory trans-
mission in the rat olfactory bulb. Neuron 20, 377–384. Shepherd, G.M., and Greer, C.A. (1990). Olfactory bulb. In The Syn-
aptic Organization of the Brain, G.M. Shepherd, ed. (New York:Isaacson, J.S., and Strowbridge, B.W. (1998). Olfactory reciprocal
Oxford University Press), pp. 133–169.synapses: dendritic signaling in the CNS. Neuron 20, 749–761.
Sobel, E.C., and Tank, D.W. (1993). Timing of odor stimulation doesJefferys, J.G. (1995). Nonsynaptic modulation of neuronal activity
not alter patterning of olfactory bulb unit activity in freely breathingin the brain: electric currents and extracellular ions. Physiol. Rev.
rats. J. Neurophysiol. 69, 1331–1337.75, 689–723.
Stopfer, M., Bhagavan, S., Smith, B.H., and Laurent, G. (1997). Im-Kasowski, H.J., Kim, H., and Greer, C.A. (1999). Compartmental
paired odour discrimination on desynchronization of odour-encod-organization of the olfactory bulb glomerulus. J. Comp. Neurol. 407,
ing neural assemblies. Nature 390, 70–74.261–274.
van den Pol, A.N. (1995). Presynaptic metabotropic glutamate re-Kay, L.M., and Laurent, G. (1999). Odor- and context-dependent
ceptors in adult and developing neurons: autoexcitation in the olfac-modulation of mitral cell activity in behaving rats. Nat. Neurosci. 2,
tory bulb. J. Comp. Neurol. 359, 253–271.1003–1009.
Vassar, R., Chao, S.K., Sitcheran, R., Nunez, J.M., Vosshall, L.B.,Laurent, G., and Davidowitz, H. (1994). Encoding of olfactory infor-
and Axel, R. (1994). Topographic organization of sensory projectionsmation with oscillating neural assemblies. Science 265, 1872–1875.
to the olfactory bulb. Cell 79, 981–991.Leveteau, J., and MacLeod, P. (1966). Olfactory discrimination in
Vickers, N.J., Christensen, T.A., Baker, T.C., and Hildebrand, J.G.the rabbit olfactory glomerulus. Science 153, 175–176.
(2001). Odour-plume dynamics influence the brain’s olfactory code.Macrides, F., and Chorover, S.L. (1972). Olfactory bulb units: activity
Nature 410, 466–470.correlated with inhalation cycles and odor quality. Science 175,
Wehr, M., and Laurent, G. (1996). Odour encoding by temporal se-84–87.
quences of firing in oscillating neural assemblies. Nature 384,Margrie, T.W., Sakmann, B., and Urban, N.N. (2001). Action potential
162–166.propagation in mitral cell lateral dendrites is decremental and con-
Whittington, M.A., Traub, R.D., and Jefferys, J.G. (1995). Synchro-trols recurrent and lateral inhibition in the mammalian olfactory bulb.
nized oscillations in interneuron networks driven by metabotropicProc. Natl. Acad. Sci. USA 98, 319–324.
glutamate receptor activation. Nature 373, 612–615.Martinez, D.P., and Freeman, W.J. (1984). Periglomerular cell action
Youngentob, S.L., Mozell, M.M., Sheehe, P.R., and Hornung, D.E.on mitral cells in olfactory bulb shown by current source density
(1987). A quantitative analysis of sniffing strategies in rats per-analysis. Brain Res. 308, 223–233.
forming odor detection tasks. Physiol. Behav. 41, 59–69.
Meredith, M. (1986). Patterned response to odor in mammalian olfac-
tory bulb: the influence of intensity. J. Neurophysiol. 56, 572–597.
Mitchell, S.J., and Silver, R.A. (2000). Glutamate spillover suppresses
inhibition by activating presynaptic mGluRs. Nature 404, 498–502.
Mombaerts, P., Wang, F., Dulac, C., Chao, S.K., Nemes, A., Mendel-
